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Abstract

Williams syndrome is a neurodevelopmental disorder associated with significant non-social fears.
Consistent with this elevated non-social fear, individuals with Williams syndrome have an
abnormally elevated amygdala response when viewing threatening non-social stimuli. In typically-
developing individuals, amygdala activity is inhibited through dense, reciprocal white matter
connections with the prefrontal cortex. Neuroimaging studies suggest a functional uncoupling of
normal prefrontal-amygdala inhibition in individuals with Williams syndrome, which might
underlie both the extreme amygdala activity and non-social fears. This functional uncoupling
might be caused by structural deficits in underlying white matter pathways; however, prefrontal-
amygdala white matter deficits have yet to be explored in Williams syndrome. We used diffusion
tensor imaging to investigate prefrontal-amygdala white matter integrity differences in individuals
with Williams syndrome and typically-developing controls with high levels of non-social fear.
White matter pathways between the amygdala and several prefrontal regions were isolated using
probabilistic tractography. Within each pathway, we tested for between-group differences in three
measures of white matter integrity: fractional anisotropy (FA), radial diffusivity (RD), and parallel
diffusivity (A1). Individuals with Williams syndrome had lower FA, compared to controls, in
several of the prefrontal-amygdala pathways investigated, indicating a reduction in white matter
integrity. Lower FA in Williams syndrome was explained by significantly higher RD, with no
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differences in A1, suggestive of lower fiber density or axon myelination in prefrontal-amygdala
pathways. These results suggest that deficits in the structural integrity of prefrontal-amygdala
white matter pathways might underlie the increased amygdala activity and extreme non-social
fears observed in Williams syndrome.
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Introduction

Williams syndrome (OMIM#194050) is a rare neurodevelopmental disorder caused by a
microdeletion of about 25 genes on chromosome 7 (band 7q11.23) (Ewart et al., 1993).
Individuals with Williams syndrome (WS) are socially fearless and disinhibited (Doyle et
al., 2004; Dykens, 2003; Gosch and Pankau, 1994), yet intriguingly, have unusually high
levels of non-social fears (Dykens, 2003; Klein-Tasman and Mervis, 2003; Leyfer et al.,
2006; Stinton et al., 2010). These non-social fears increase in severity with age (Davies et
al., 1998; Dykens, 2003) and result in intense anticipatory anxiety which significantly
impairs daily functioning (Dykens, 2003). Accordingly, around 50% of individuals with WS
have a comorbid diagnosis of specific phobia (Leyfer et al., 2009; Leyfer et al., 2006),
compared to an estimated specific phobia prevalence of 4-9% in the general population
(American Psychiatric Association, 1994; Kessler et al., 2005). Given significant clinical
impairment, it is imperative to understand the unique neurobiology which underlies elevated
non-social fear in individuals with WS.

The amygdala—a small subcortical structure involved in threat detection and fear processing
(Aggleton, 2000)—is involved in abnormal fear processing in individuals with WS (Bellugi
et al., 1999; Reiss et al., 2004). When viewing threatening non-social scenes, individuals
with WS exhibit elevated amygdala activity compared to typically-developing controls
(Meyer-Lindenberg et al., 2005; Munoz et al., 2010). Interestingly, this increased amygdala
activity appears to be above and beyond what can be accounted for by normal fear
processing; individuals with WS exhibit elevated amygdala activity in response to
threatening non-social scenes even when compared to controls matched for a level of
nonsocial fear (Thornton-Wells et al., 2011). This amygdala hyperactivity suggests a
difference in neural processing in individuals with WS that is unique to WS as a disorder
and that cannot be accounted for by a high trait level of non-social fear. Despite this extreme
amygdala response to threatening non-social stimuli, individuals with WS do not have
chronically elevated amygdala activity to all types of stimuli (Meyer-Lindenberg et al.,
2005; Thornton-Wells et al., 2011), indicating that amygdala hyperactivity in response to
threatening non-social stimuli is not simply due to global functional impairment of the
amygdala. Instead, amygdala hyperactivity in WS might result from a lack of cortical
inhibitory control within the context of non-social threat.

Amygdala hyperactivity may result from a failure of the orbitofrontal cortex (OFC) to
properly inhibit amygdala responses during non-social fear processing. The OFC sends
dense axonal projections to the amygdala (Stefanacci and Amaral, 2002) which synapse
within primarily GABAergic nuclei (Ghashghaei and Barbas, 2002), suggesting an
inhibitory role for OFC inputs. In agreement with anatomical evidence, previous
neuroimaging studies have demonstrated that the OFC plays a role in top-down regulation of
amygdala response and emotional reactivity in typically-developing individuals (Indovina et
al., 2011; Ochsner et al., 2004; Phan et al., 2005). In individuals with WS, normal OFC
inhibition of the amygdala is disrupted (Meyer-Lindenberg et al., 2005). These findings
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suggest circuit-level impairment of normal OFC-amygdala inhibition in the context of non-
social fear processing, which may result in amygdala hyperactivity in individuals with WS.

Another prefrontal cortex region, the subgenual anterior cingulate cortex (sgACC), may also
inhibit amygdala responses (Pezawas et al., 2005). The sgACC receives dense structural
projections from the amygdala (Freedman et al., 2000) and is implicated as a key neural
substrate underlying anxiety and negative emotions (Drevets et al., 1997; Liotti et al., 2000;
Ongur et al., 1998). Dysfunction in the sgACC might contribute to pathological fear
processes; for example, individuals at high risk for development of anxiety disorders have
increased amygdala activity in response to fearful stimuli (Hariri et al., 2002; Hariri et al.,
2005), decreased sgACC volume (Pezawas et al., 2005), and decreased functional coupling
between sgACC and the amygdala (Pezawas et al., 2005). Although the function of the
SgACC has not been specifically explored in WS, two previous structural studies have
demonstrated significantly lower gray matter density in the sgACC region in individuals
with WS compared to controls (Campbell et al., 2009; Chiang et al., 2007). Given the role of
the sgACC in anxiety, decreased gray matter density in the sgJACC region in WS provides
intriguing evidence that disrupted sgACC-amygdala interaction might contribute to
abnormal amygdala hyperactivity during non-social fear contexts.

While converging lines of evidence point toward a functional disconnect in normal
prefrontal-amygdala inhibition during non-social fear processing in WS, the underlying
structural mechanisms remain unclear. One potential mechanism is reduced structural
integrity of the axons which form prefrontal-amygdala inhibitory pathways. Individuals with
WS show marked abnormalities in widespread white matter pathways (Hoeft et al., 2007;
Marenco et al., 2007). While some white matter abnormalities observed in WS have been
specifically associated with discrete neurocognitive impairments (Hoeft et al., 2007), to date,
no studies have directly investigated whether structural integrity deficits in prefrontal-
amygdala white matter pathways might contribute to abnormal non-social fear processing in
WS.

In the present study, we used diffusion tensor imaging (DTI) to investigate prefrontal-
amygdala white matter integrity in individuals with WS relative to controls. To isolate
structural deficits unique to WS and not due to high non-social fear, we targeted a control
group that was also high in non-social fear but did not have WS. We hypothesized that
individuals with WS, compared to controls, would show structural abnormalities in white
matter pathways between prefrontal inhibitory control regions, including the OFC and
SgACC, and the amygdala.

Eight individuals with Williams syndrome and 10 typically-developing control individuals
participated in this study. One control subject was removed from analysis due to excessive
motion during the DTI acquisition (excessive motion was defined as translational motion > 4
mm or rotational motion > 3 degrees), resulting in a group of 9 control subjects included in
data analysis. Subjects were 19%0038 years old (mean = 23 years) and were predominantly
Caucasian (88%) and right handed (71%) (Table 1).

WS subjects were recruited through an existing database of persons who had either attended
or expressed interest in the VVanderbilt Kennedy Center WS Music Camp. In order to isolate
white matter structural deficits unique to WS rather than non-social fear, we recruited a
control group that was high in non-social fear but did not have WS. Control subjects were
recruited through advertisements targeting healthy individuals in the general population who
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were “especially shy” as children, and through research participant databases. We selected a
control group with inhibited temperament; inhibited temperament is a trait characterized by
social fears and shyness (Kagan et al., 1988) as well as significant non-social fears
(Biederman et al., 1990; Goodwin et al., 2004; Smoller et al., 2005), and individuals with
inhibited temperament are at significantly increased risk for development of anxiety
disorders, similar to individuals with WS (Chronis-Tuscano et al., 2009; Essex et al., 2010;
Schwartz et al., 1999).

Control subjects completed two temperament screening questionnaires as a prerequisite for
study inclusion: the Retrospective Self-Report of Inhibition (RSRI; Reznick et al., 1992) and
the Adult Self-Report of Inhibition (ASRI; Reznick et al., 1992). Both the RSRI and ASRI
have good reliability and construct validity (Reznick et al., 1992). The RSRI and ASRI are
comprised of social and non-social subscales, which provide information on inhibition in the
social and non-social realms. These subscales were critical for the current study because
they allowed us to select control subjects who demonstrated high levels of non-social
inhibition. High trait level of non-social inhibition was defined as having scores within the
top 15% on both the RSRI and ASRI non-social subscales, based on normative data from the
general population (Reznick et al., 1992). WS subjects also completed both the RSRI and
ASRI in order to characterize their level of non-social inhibition, but were not selected for
the study based on these scores. As expected, both subject groups reported high levels of
trait non-social inhibition (Table 1). However, it should be noted that individuals with WS
did not self-report extreme levels of childhood non-social inhibition, which may be due to
either issues with retrospective self-report in WS or age-related increases in levels of non-
social fear.

Subjects in both groups were excluded on the basis of: failure to pass MRI safety screen,
substance abuse or dependence in the past 6 months, presence of severe psychiatric illness
(such as schizophrenia or bipolar disorder), prior head injury, significant medical illness
(e.g. HIV, cancer), claustrophobia or pregnancy. Psychopathology was assessed in all
subjects by a trained interviewer using the Structured Clinical Interview for the DSM-1V
(SCID I-P; First et al., 2002). Subjects were not excluded for the presence of anxiety or
depression because both are common in individuals with WS (Dykens, 2003; Stinton et al.,
2010) and in extreme inhibited temperament (Schwartz et al., 1999). One individual with
WS was diagnosed with an anxiety disorder (panic disorder-past); two controls were
diagnosed with the following disorders (major depressive disorder-past (n=1), social phobia-
current (n=1)). Similarly, we did not exclude subjects for use of psychoactive medications
because individuals with WS often take medication to control their anxiety. 1Q was assessed
using the Kaufmann Brief Intelligence Test, Second Edition (Kaufman and Kaufman, 1990).
Handedness was assessed using the Edinburgh Handedness Inventory (Oldfield, 1971). A
full clinical characterization of a largely overlapping set of individuals who participated in a
functional MRI task has previously been published (Thornton-Wells et al., 2011).

The Vanderbilt University Institutional Review Board approved the study. Written informed
consent was obtained after providing subjects with a complete description of the study. For
subjects with WS, a parent or guardian also provided written informed consent.

Demographic Data Analysis

Due to non-normality of some measures, nonparametric Wilcoxon Mann-Whitney tests were
used to characterize between-group differences in temperament, 1Q, and age. Chi-Square
tests were used to characterize between-group differences in gender, handedness, race, and
psychiatric diagnoses (Table 1). A p-value of .05 was used for all analyses. Data were
analyzed using SPSS (SPSS Statistics 18 for Windows, 2010, version 18.0.2).
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Image Acquisition

Diffusion weighted images, T1-weighted anatomical MRI images, and By, field
inhomogeneity maps were collected on a 3 Tesla Philips Achieva MRI scanner (Philips
Healthcare, Inc., Best, The Netherlands) at the VVanderbilt University Institute of Imaging
Science. Whole-brain diffusion weighted images were acquired using an 8-channel SENSE
head coil. Diffusion weighted data were acquired using an echoplanar multislice single-shot
spin echo pulse sequence and the following parameters: FOV = 256x256; TE/TR =
60/10000 ms; flip angle = 90°; voxel size = 2 mm isotropic; number of slices = 60. We
acquired 32 diffusion directions with a b value of 1000 ss/mm? and one T2-weighted volume
with a b value of 0 s/mm2. High resolution T1-weighted anatomical images were collected
with the following parameters: FOV = 256 mm; number of slices = 170; voxel size = 1 mm
isotropic; gap = 0 mm. By field inhomogeneity maps were collected with the following
parameters: FOV = 240 mm; TE/TR = 3.38/393 ms; flip angle = 90°; number of slices = 36;
voxel size = 2.5 mm isotropic.

Data Preprocessing

Diffusion weighted data were pre-processed using the FMRIB Software Library (FSL,
version 4.1.4; Oxford Centre for Functional MRI of the Brain (FMRIB), UK;
http://www.fmrib.ox.ac.uk/fsl/) (Behrens et al., 2003; Smith et al., 2004) and Matlab
(Version R2010, The MathWorks, Inc, Natick, MA). Diffusion data were: corrected for eddy
current distortions and motion using the Eddy Current Correction tool within the FMRIB
FDT toolbox (version 2.0); corrected for geometric distortions caused by By field
inhomogeneities using custom Matlab-based scripts; skull stripped using the FMRIB Brain
Extraction tool (BET; Smith, 2002); and visually inspected for artifacts. Diffusion tensors
were fitted at each voxel using the FMRIB FDT toolbox and fractional anisotropy (FA),
radial diffusivity [RD = (A, + Ag) / 2], and parallel diffusivity (A1) maps were calculated for
statistical analysis.

Probabilistic Tractography Analysis

Probabilistic fiber tractography was used to identify prefrontal-amygdala white matter
pathways. Probabilistic fiber tractography was performed using the FMRIB FDT toolbox,
which allows for estimation of the most probable location of a pathway between two seed
points using Bayesian techniques (Behrens et al., 2003; Jbabdi et al., 2007; Smith et al.,
2004). Probabilistic tractography was performed ipsilaterally from the amygdala to each of
five cortical regions (and vice versa) for each hemisphere, resulting in 10 separate
tractography pathways for each subject (Fig. S1). A multi-seed-mask approach, in which
anterograde and retrograde amygdala tracts were summed together, was used to robustly
characterize each prefrontal-amygdala tract. Fiber tracking was initiated from all voxels
within each seed mask (5000 streamline samples per seed voxel, 0.5 mm step lengths,
curvature threshold = 0.2). The following anatomical seed masks were used: amygdala,
subgenual anterior cingulate (BA25), inferior orbitofrontal cortex (infOFC), medial
orbitofrontal cortex (medOFC), middle orbitofrontal cortex (midOFC), and superior
orbitofrontal cortex (supOFC) (Fig. S2). To account for inter-individual variability in
amygdala shape and volume, amygdala seed masks were created individually by segmenting
each subject’s T1-weighted image using automated routines implemented by FreeSurfer.
FreeSurfer segmentations were carefully reviewed to ensure the accuracy of these masks.
Because the subgenual anterior cingulate region has relatively poorly defined borders, we
selected a Brodmann area (BA25) located centrally within the subgenual anterior cingulate
region. The BA25 cortical seed mask was derived from the Talairach Daemon database
(Lancaster et al., 1997; Lancaster et al., 2000) within the WFU Pickatlas (Wake Forest
University Pickatlas; Maldjian et al., 2003; Maldjian et al., 2004). The remaining cortical
seed masks (infOFC, medOFC, midOFC, and supOFC) were derived from the AAL brain
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atlas (Automated Anatomical Labeling; Tzourio-Mazoyer et al., 2002) within the WFU
Pickatlas. To constrain tractography streamlines within ipsilateral white matter, we used an
explicit FA mask thresholded at FA > .2 combined with a midline exclusion mask. Quality
control analyses of prefrontal-amygdala tracts were performed (see Supplementary
Methods).

In order to test for between-group differences in the white matter integrity, voxelwise
statistics were performed within each of the prefrontal-amygdala tracts. Tests for between-
group differences were conducted using general linear models (two sample t-tests) with p-
values estimated using permutation testing (FMRIB Randomise tool; 5,000 permutations).
Statistical significance was determined by a cluster-forming threshold of t > 2 and a voxel-
level p < 0.05, family-wise error corrected for multiple comparisons. In order to identify the
specific anatomical pathways where FA differences were located, significant FA differences
were overlaid onto probabilistic anatomical white matter atlases (Eickhoff et al., 2005;
Eickhoff et al., 2006; Eickhoff et al., 2007; Hua et al., 2008; Mori et al., 2004; Wakana et
al., 2007) in FSL. To aid in interpretation of any between-group FA differences, post-hoc
analyses of RD and A4 were performed. Mean RD and 4 values for each subject were
extracted from significant FA clusters and analyzed using non-parametric Wilcoxon Mann-
Whitney tests within SPSS. A p-value of .05 was considered significant.

Voxelwise Analysis Using Tract-Based Spatial Statistics

In addition to testing for differences in prefrontal-amygdala pathways, our a priori regions
of interest, we also conducted whole-brain voxelwise statistical analyses of FA data using
tract-based spatial statistics (TBSS, version 1.2; Smith et al., 2006). TBSS uses automated
routines to calculate a white matter skeleton which represents the center of each white
matter tract, and all subsequent voxelwise analyses are performed within the spatial extent
of the TBSS skeleton. Two advantages of the TBSS skeleton over whole-brain voxelwise
statistics are that it minimizes errors in coregistration between subjects and also minimizes
the effects of white matter lesions on group coregistration. The details of the TBSS skeleton
creation are presented in the Supplementary Methods.

Between-group voxelwise differences were examined using general linear models (two
sample t-tests) with p-values estimated using permutation testing (as described in the
probabilistic tractography analysis). Because between-group differences were widespread,
we used a restrictive statistical threshold with a cluster-forming threshold of t > 3 and a
voxel-level p < 0.05, family-wise error corrected for multiple comparisons, to allow us to
identify separable clusters. Post-hoc analyses of mean RD and A; values within significant
FA clusters were conducted using non-parametric Wilcoxon Mann-Whitney tests within
SPSS. A p-value of .05 was considered significant.

Global White Matter Analysis of Mean Diffusion Characteristics

We conducted global analyses of diffusion data (FA, RD, and A1) to examine potential gross,
overall differences in white matter diffusion characteristics. In order to isolate only white
matter voxels, each subject’s diffusion data were masked using their T1-derived white
matter segmentation (white matter segmentation performed using FreeSurfer version 4.5.0;
http://surfer.nmr.mgh.harvard.edu/) (Fischl et al., 2002). Each subject’s mean white matter
value for each diffusion measure was calculated using the FMRIB fslstats tool. Between-
group non-parametric Wilcoxon Mann-Whitney tests were conducted using SPSS.
Differences were considered significant at p < 0.05.
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Results

Prefrontal-Amygdala Pathway Analysis

To determine whether individuals with WS had decreased white matter integrity in
prefrontal-amygdala pathways, we compared FA within tracts identified by probabilistic
tractography. Individuals with WS had significantly lower FA in regions of several of the
tracts tested (bilateral BA25-to-amygdala, bilateral infOFC-to-amygdala, right medOFC-to-
amygdala, and right supOFC-to-amygdala), indicating extensive differences in prefrontal-
amygdala white matter integrity. There were no group differences in the midOFC-amygdala
tract. In order to identify the specific anatomical pathways where individuals with WS had
significantly lower FA than controls, we overlaid significant FA differences onto
probabilistic anatomical white matter atlases. Individuals with WS had significantly lower
FA than control subjects within bilateral ventral amygdalofugal pathways, bilateral uncinate
fasciculi (UF), bilateral inferior longitudinal fasciculi (ILF), and right inferior fronto-
occipital fasciculus (IFO) (Table 2; Fig. 1; Fig. S3; Fig. S4).

Radial diffusivity (RD) and parallel diffusivity (A1), each a subcomponent of FA, are
estimates of the extent of water diffusion perpendicular to the fiber bundle (RD) and the
extent of water diffusion along the length of the fiber bundle (A1), respectively. Because FA
values can be reduced due to an increase in RD, a decrease in A1, or some combination of
each, we performed post-hoc between-group analyses of mean RD and A; values within
regions of significant FA differences. Individuals with WS had significantly larger mean RD
than control subjects within regions of significant FA differences (RD, p < .001). Further
investigation of RD differences revealed significantly larger mean RD in individuals with
WS in each of the tracts tested (Fig. S5; Fig. S6). However, individuals with WS and
controls had similar mean parallel diffusivity (A, p = .923), suggesting that the FA
differences were not the result of decreased water diffusion along the length of the
prefrontal-amygdala pathways. Taken together, these findings suggest that FA is lower in
WS due to an increase in water diffusion perpendicular to prefrontal-amygdala pathways.

Next, we tested for areas where prefrontal-amygdala FA was higher in individuals with WS.
Individuals with WS had significantly higher FA than controls in a region of the right
midOFC-to-amygdala tract. In order to identify the specific anatomical pathway, we
overlaid the significant FA cluster onto probabilistic anatomical white matter atlases. The
area of higher FA was located in the right IFO (Table 2; Fig. 1). In order to investigate the
underlying cause of higher FA values in WS, we conducted post-hoc analyses of mean RD
and A; values within the region where individuals with WS demonstrated higher FA values
than controls. Individuals with WS had significantly smaller mean RD (RD, p =.021; Fig.
S7) and larger mean A4 (A, p = .016; Fig. S7) than controls within the region of significant
FA differences, indicating that individuals with WS had less water diffusion perpendicular
to the fiber bundles and greater diffusion parallel to the fiber than controls within this
regions. This finding suggests that FA is higher in certain regions in individuals with WS
due to a decrease in water diffusion perpendicular to fiber bundles, along with a
corresponding increase in parallel diffusivity within these regions.

Whole-Brain White Matter Analyses

To test for white matter integrity differences across the whole brain, we compared FA values
between individuals with WS and controls within the center of white matter pathways using
TBSS. Individuals with WS had significantly lower FA than controls in widespread white
matter tracts, including: left ventral amygdalofugal pathway; right uncinate fasciculus (UF);
the genu, body and splenium of the corpus callosum (CC); anterior commissure (AC);
bilateral posterior limbs of the internal capsule (PLIC); bilateral external capsules (EC); left
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inferior fronto-occipital fasciculus (IFO); and left cortico-spinal tract (CST) (Fig. 2).
Importantly, TBSS findings in the ventral amygdalofugal pathway and uncinate fasciculus
replicate tractography findings (Fig. 2, inset). Individuals with WS did not have significantly
higher FA in any white matter tract when compared to controls.

To further investigate the components contributing to widespread decreased FA in WS, we
performed post-hoc between-group analyses of mean RD and Aq within regions of FA
differences. Consistent with tractography findings, individuals with WS had significantly
higher mean RD values in areas of significant FA differences (RD, p = 0.005; Fig. S7),
indicating an overall increase in water diffusion perpendicular to fiber bundles in WS. Mean
M1 values were lower in individuals with WS, compared to controls, in areas where FA
differences were observed (A4, p = 0.005; Fig. S8), indicating a general decrease in water
diffusion along the length of fiber bundles in WS. Together, these results indicate that
general white matter integrity deficits in WS are the result of both decreased diffusion along
the length of fiber bundles and increased diffusion perpendicular to fiber bundles.

Finally, to examine potential gross, overall differences in white matter diffusion
characteristics, we compared mean global diffusion across groups. When comparing mean
diffusion across all white matter, individuals with WS did not have significantly different
diffusion characteristics relative to controls (FA, p = .248; A4, p = .386; RD, p = .700; Fig.
S9), suggesting that the observed prefrontal-amygdala differences are not indicative of
widespread reductions in white matter integrity. Instead, the white matter integrity
differences detected in voxelwise analyses (tractography-ROIl and TBSS) in individuals with
WS are likely limited to specific regions within white matter tracts.

Discussion

To test for structural differences in prefrontal-amygdala white matter pathways in Williams
syndrome (WS), we compared white matter integrity in individuals with WS to typically-
developing controls matched for high trait levels of non-social fear. Findings from two
analytic methods, probabilistic tractography and Tract-Based Spatial Statistics (TBSS), both
demonstrated decreased white matter integrity in prefrontal-amygdala white matter paths in
individuals with WS. Because the prefrontal cortex plays an important role in inhibition of
amygdala activity, we propose that these white matter integrity deficits are a critical
component underlying both amygdala hyperactivity and increased non-social fear in
individuals with WS.

In this study, we demonstrate decreased white matter integrity in orbitofrontal cortex (OFC)-
amygdala white matter pathways in WS. Our findings provide initial evidence for a
structural mechanism which might underlie the OFC-amygdala functional disconnect
previously shown in individuals with WS (Meyer-Lindenberg et al., 2005). In typically-
developing individuals, activity in the OFC is negatively correlated with both amygdala
activity and fear-related physiological arousal. For example, passive viewing of negative
scenes results in increased amygdala activity in healthy participants; however, when
individuals are instructed to suppress their emotional response to negative scenes, lateral
OFC activity increases while amygdala activity reduces to baseline (Ochsner et al., 2004;
Phan et al., 2005). OFC activity is also negatively correlated with fear-related physiological
arousal (Indovina et al., 2011). However, in individuals with WS, the OFC fails to show
normal functional activation in response to fearful faces (Meyer-Lindenberg et al., 2005)
and threatening scenes (Munoz et al., 2010). Individuals with WS also show a functional
disconnect in normal OFC-amygdala interaction, with the OFC failing to show typical
modulatory interactions with the amygdala (Meyer-Lindenberg et al., 2005). We speculate
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that white matter structural deficits in OFC-amygdala pathways may underlie the altered
functional connectivity found in individuals with WS.

Our findings also show white matter integrity deficits in the subgenual anterior cingulate
cortex (sgACC)-amygdala tract in WS. Although functional interactions between the sgACC
and the amygdala have not previously been investigated in WS, Pezawas and colleagues
(2005) have shown decreased functional coupling between the sgJACC and amygdala in
adults with genetic risk for anxiety. Pezawas and colleagues proposed a modulatory
feedback circuit where the amygdala activates the sgACC, which in turn activates the dorsal
ACC, which completes an inhibitory feedback loop to the amygdala. Altered sgACC-
amygdala white matter integrity in individuals with WS might disrupt feedback inhibition of
the amygdala through this circuit. The sgACC has also been prominently implicated in
anxiety and depression (Drevets et al., 1997; Liotti et al., 2000; Ongur et al., 1998). Volume
in the sgACC is decreased in both individuals with genetic risk for anxiety (Pezawas et al.,
2005) and individuals with WS (Campbell et al., 2009; Chiang et al., 2007). Given the
increased non-social anxiety in individuals with WS, we speculate that disruption in the
sgACC-amygdala white matter tract might contribute to both increased amygdala activation
and increased non-social anxiety observed in individuals with WS.

In addition to the major findings of reduced FA in WS, there was an area of increased FA in
WS within the inferior fronto-occipital fasciculus, a major longitudinal pathway. A similar
finding has been previously reported (Marenco et al., 2007) and this finding is consistent
with a hypothesis set forth by Marenco and colleagues (2007) based on the genes commonly
deleted in WS. Previous studies have identified two genes typically deleted in WS—LIMK1
and CYLN2—that are thought to be essential for growth cone regulation and therefore might
play a role in axon guidance (Merla et al., 2010). In line with a neurodevelopmental deficit
in axon guidance cues, Marenco and colleagues (2007) proposed that some axons which
would normally form U shaped pathways would fail to turn and instead follow longitudinal
guidance cues, resulting in: fewer U shaped fibers crossing the dorsal corpus callosum;
increased axon number; increased axon coherence in longitudinal white matter pathways;
and aberrant pathways. Consistent with this model, we found that individuals with WS had
decreased corpus callosum white matter integrity, increased whole-brain radial diffusivity
(which may correspond to a decreased number of axons), and higher FA in the inferior
fronto-occipital fasciculus, a major longitudinal pathway. When we further investigated the
region of higher FA in WS, we found that WS subjects had both increased parallel
diffusivity and decreased radial diffusivity, which is in line with an increase in axon number
and axon coherence in this pathway compared to controls. Intriguingly, the region of
increased FA in WS is located near the edge of the inferior fronto-occipital fasciculus rather
than at its center, and is likely in a transitional region between gray and white matter where
there are few longitudinal fibers in typical individuals. This may suggest the presence of an
aberrant or abnormally expanded pathway in WS; future studies should specifically
investigate the possible presence of aberrant pathways in this region of the inferior fronto-
occipital fasciculus.

Although WS was associated with widespread integrity deficits at the center of white matter
tracts in our exploratory whole-brain TBSS analysis, global white matter integrity (averaged
across the whole brain) was comparable between groups. This finding is in contrast to a
previous study which showed that individuals with WS had a small (~5%) but significant
global reduction in trace, a marker of white matter integrity (Marenco et al., 2007).
However, studies investigating specific white matter pathways in WS have shown a
combination of decreased (Marenco et al., 2007) and increased (Hoeft et al., 2007; Marenco
et al., 2007) white matter coherence. Although we found widespread decreases in white
matter integrity, we also found small regions of significantly increased FA values in the
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prefrontal cortex in our WS group. Therefore, our finding of non-significant global
differences in white matter integrity might reflect that individuals with WS have both
widespread decreased and regionally increased white matter integrity.

A limitation of this study is the small sample size. While the reported prefrontal-amygdala
white matter integrity findings are relatively large, consistent across two analysis methods,
and in line with previous findings in individuals with WS, they should be interpreted with
caution due to the small sample size. Another limitation of this study is that, due to
widespread white matter alterations in WS, we cannot rule out the possibility that our white
matter findings are incidental. Multimodal imaging studies in larger cohorts are needed to
replicate these structural findings and explicitly explore structure-function relationships in
individuals with WS. Another limitation of this study is the potential presence of geometric
distortions, due to field inhomogeneities, within our prefrontal white matter tracts of
interest; although, we reduced the impact of geometric distortions on our data by correcting
images using by field maps. Although the OFC has also been implicated in hypersociability
in WS, we did not specifically explore or control for hypersociability in the present study.
Future studies should systematically explore the differing roles of medial and lateral OFC on
both hypersociability and increased non-social fear in WS. Additional research should also
include WS individuals with atypical deletions to explore the contribution of specific genes
on white matter development.

In conclusion, these findings are the first, to our knowledge, to demonstrate that individuals
with WS have white matter integrity deficits in prefrontal-amygdala pathways. We speculate
that these white matter deficits might underlie the amygdala hyperactivity and non-social
fears seen in individuals with WS. Therefore, this study provides preliminary evidence for a
neural mechanism for the extreme amygdala hyperactivity and non-social fears observed in
WS.

Research Highlights

e Individuals with Williams syndrome (WS) show amygdala hyperactivity to
threatening non-social images

e Amygdala activity is inhibited by prefrontal cortical regions in typically-
developing adults

e Individuals with WS have decreased integrity in prefrontal-amygdala white
matter pathways

e Deficits in prefrontal-amygdala white matter may contribute to amygdala
hyperactivity in WS
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Tractography analysis of prefrontal-amygdala pathways. Blue clusters represent white
matter regions where individuals with Williams syndrome have significantly lower
fractional anisotropy (FA) values, p < .05, family-wise error (FWE) corrected for multiple
comparisons than typically-developing controls. Red clusters represent white matter regions
where individuals with Williams syndrome have significantly higher FA values (p < .05,
FWE corrected) than typically-developing controls. Anatomically, FA differences are
located bilaterally within the ventral amygdalofugal pathway, the uncinate fasciculus, the
inferior longitudinal fasciculus, and the inferior fronto-occipital fasciculus. FA differences
are overlaid onto the MNI-152 T1-weighted standard brain. Subgenual anterior cingulate
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(BA25); inferior orbitofrontal cortex (infOFC); medial orbitofrontal cortex (medOFC);
middle orbitofrontal cortex (midOFC); superior orbitofrontal cortex (SupOFC).
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Fig. 2.

TBSS analysis of whole-brain white matter differences. Blue voxels represent white matter
regions where individuals with Williams syndrome (WS) have lower fractional anisotropy
(FA) values (p < .05, FWE corrected) than typically-developing controls. VVoxels are
overlaid on the TBSS white matter skeleton (green) and the FMRIB-58 FA standard brain
(grayscale). (A) Coronal image showing lower FA in individuals with WS in the left ventral
amygdalofugal pathway. (B) Sagittal image showing lower FA in individuals with WS in the
right uncinate fasciculus pathway. (C) Axial image showing lower FA in individuals with
WS in the corpus callosum. (D) Axial image showing lower FA in individuals with WS in
bilateral external capsules and bilateral posterior limbs of the internal capsule. (E) Sagittal
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image showing lower FA in individuals with WS in the inferior fronto-occipital fasciculus.

(F) Coronal image showing lower FA in individuals with WS in bilateral corticospinal
tracts.
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